Introduction
Lower limb corrective osteotomy is known to be a technically demanding procedure in which accuracy is of utmost importance. Post-traumatic cases are especially challenging due to the often encountered multiplanar deformities.
Traditionally, two-dimensional (2D) radiographs were used for preoperative planning. Its accuracy was limited by the quality of the images and complexity of the deformity. Furthermore, intraoperative execution was often technically demanding as any suboptimal cut would end up with persistent deformity or even potential new malalignment.
In recent years, computer-assisted planning has been providing an alternative for complex orthopaedic cases to improve surgical accuracy. Moreover, with the new advances in application of threedimensional (3D) printing to orthopaedic surgery, intraoperative execution has been improved by patient-specific instrumental (PSI) guides. 1, 2 The feasibility of introducing the use of PSI into corrective osteotomy was proven in previous studies. 3 
Case report
We report a case of post-traumatic malunion of the femur requiring corrective osteotomy, in which computer-assisted planning and 3D-printed PSI guides were used.
Our patient was a 57-year-old victim in a road traffic accident who suffered from polytrauma with bilateral lower limb injuries in 2007 ( Figure 1) . The left limb injuries included open left distal femur intercondylar and patella fracture with Gustilo Classification Type IIIB injury and Mangled Extremity Severity Score of 8.
The left limb was initially stabilized with external fixation after wound debridement. Partial patellectomy was conducted as the patella was shattered by the injury and was beyond repair. The extensor mechanism was impaired by the loss of quadriceps and patella tendon after repeated debridement. The situation was further complicated by the comminuted distal femur fracture with bone defect and by methicillin-resistant Staphylococcus aureus wound infection. The distal femur fracture was eventually fixed with intercondylar screws and external fixation with limb shortening. The soft-tissue defect was dealt with using gastrocnemius flap and partial thickness skin graft after the infection was under control.
The fracture healed up in 1 year, with varus, procurvatum, external rotation deformity, and shortening ( Figure 2 ).
The contralateral limb was also severely injured in the same accident, with right femur, tibial, and fibular fractures, which all eventually healed up after multiple operative interventions ( Figure 3) . Functionally, the patient was able to walk without assistance and he resumed his prior work as a taxi driver. However, the patient suffered from symptoms due to post-traumatic arthritis and leg length discrepancy.
Initially, he coped with the symptoms well, but as time went by the symptoms deteriorated. In early 2015, when he reached the age of 65, he presented with further increase in left knee pain. The pain was over the medial side, while the range of movement of the left knee was very limited, ranging from 10 to 20 of flexion. Surgical intervention was requested at this juncture for pain control and correction of lower limb alignment.
Options including corrective osteotomy, total knee replacement (TKR) with or without osteotomy, and knee arthrodesis were thoroughly considered and discussed.
Arthrodesis was not preferred by the patient as he would like to preserve the remaining range of movement, which was very important to board or alight his taxi.
TKR with or without osteotomy was expected to be technically demanding due to previous infection, known multiplanar deformity, and existing implants in the distal femur. Furthermore, the improvement in range of movement, if any, was expected to be insignificant due to the loss of extensor mechanism from previous surgeries and soft-tissue scarring from previous infection.
In the end, closing wedge corrective osteotomy was chosen. The authors believed that it could best improve the overall lower limb alignment, relieve pain, and preserve the remaining range of movement. Unnecessary complications of TKR could also be avoided. In view of the expected difficulties, computer-assisted 3D planning with the aid of computer tomography was employed. The malunited femur was reconstructed virtually and the deformity measured. Computer tomography images and 3D reconstruction of the contralateral limb were also obtained as a mirrored reference (Figure 4) .
From the perspective of the surgeons, the technique required in planning of the corrective osteotomy was similar to the traditional method. The deformities in the coronal and sagittal planes were corrected by two osteotomy cuts, whereas the rotational deformity was corrected by rotation during end opposition. Data including the apex, angle of the planned cuts, the planned hinge, and the translation were input into the computer, which provided realtime virtual images of the corrected femur. These images allowed easy fine-tuning of the planning. The planned cuts that generated the virtual image that best resembled the ideal alignment based on the image of the contralateral limb were the cuts of choice (Figure 4) .
The subsequent fixation with locking plate was planned based on the corrected alignment of the femur ( Figure 5 ). The models of the distal femur (both preosteotomy and postosteotomy), the marking guide, and the osteotomy guide models custom-made for the patient were 3D printed ( Figure 6 ).
The patient was put under general anaesthesia and placed supine on a radiolucent drop table. The previous implants that would hinder the subsequent procedures were removed, followed by a lateral approach to the distal femur.
The 3D-printed guide for bone resection and osteotomy was sequentially and temporarily fixed to the distal femur with multiple Kirschner wires (K-wires). Afterwards, the screw holes for definitive fixation were made, and the bone was cut accordingly (Figure 7) . The femoral alignment was corrected by opposing the osteotomy planes, which was then fixed with a locking compression plate with screw holes already made through the guide before the osteotomy. Therefore, the cut bone surfaces would oppose each other and the alignment would be corrected according to the preoperative planning on application of the plate and tightening of the screws. During application of the locking compression plate, it was noted that interfragmental compression could not be achieved by using the predrilled screw holes, so one proximal screw was inserted at an eccentric hole to achieve axial compression across the osteotomy site.
Surgical uncertainty, subjective judgement, radiation exposure, and operative duration were all reduced compared with the traditional methods. Alignment was confirmed radiologically and clinically, after which autogenous and synthetic bone grafts were added as adjuncts. The operation went smoothly and largely as planned, with no surgery-related complications.
The patient was allowed to have touch-down walking immediately after the operation for 4 weeks, followed by another 4 weeks of partial weight-bearing walking, then full weight-bearing walking.
By 7 months after the operation, he enjoyed a pain-free stable left knee with static range of movement (10 e20 , same as preoperative range) and power (4/5 based on Medical Council Research scale, same as preoperative power). He returned to unaided walking and resumed his prior work.
Radiologically, the osteotomy site was noted to have progressive union and consolidation (Figures 8 and 9 ). There was 18 correction in varus malalignment and 14 correction in flexion, as measured on radiographs. Such alignment was the same as the preoperative planning and was maintained throughout the union process. Because of the correction of alignment in the coronal and sagittal planes, the left lower limb shortening was improved with 1.5 cm increase in length.
Discussion
In the past, planning of corrective osteotomy mainly relied on 2D radiographs with the aids of marking pens on transparencies. It was a challenging task even in the most experienced hands, especially in cases with multiplanar deformities due to the complexity of the correction. Intraoperative execution was yet another major challenging task. With these limiting factors, the overall accuracy was often unsatisfactory.
As computer tomography and magnetic resonance imaging become more readily available, computer-assisted planning for osteotomy is often employed and has been proven to give satisfactory results. Precise preoperative planning allows surgeons to prepare the operation thoroughly, including the choice of implants. Although not utilized in our case, the authors see the potential need and utilization of custom-made implants for fixation in complex corrective osteotomies, which was merely impossible in the past.
Besides recent advances in preoperative planning, intraoperative execution can now be assisted by PSI, 5 which is often used in TKR and tumour resection. 6 Theoretically, PSI improves the accuracy of bone cuts and shortens operative time. With the popularization of the application of 3D printing technique for orthopaedic surgery, more accurate and precise operations are expected. 3D-printed PSI has great application versatility. Multiple PSI guides can be used in different steps of the same operation to notably enhance accuracy. In our reported case, the correct application of the PSI guide was aided by the identification of a wellformed osteophyte, while the stable fixation was achieved using multiple K-wires. In cases without reliable bony landmark for reference, computer navigation might be of help.
Navigation is often employed by surgeons for accuracy enhancement. Its encouraging results are also attributable to its relatively low learning curve for beginners. 7 In the aforementioned case, navigation was considered for guidance of the osteotomies. PSI guide was chosen as our centre had more experience in its use than in navigation. In the future, there is likely to be increased need of navigation and probable use of robotic surgery 8 in complex corrective osteotomies. Despite these advances, traditional alternatives for deformity correction including Ilizarov technique and the use of Taylor spatial frame are still irreplaceable. They provide an alternative for gradual deformity correction, especially in severe deformities in which softtissue tolerance is of great concern.
In our case, preoperative imaging, computer-assisted planning, and production of 3D-printed PSI guides took 6 weeks to complete. The guide gave ideal fit to the patient's distorted anatomy. Postoperative limb alignment was the same as that of preoperative planning (Figure 10) .
During the operation, the surgeons encountered some difficulties while manipulating the two bone ends after the osteotomies. Retrospectively, we believed that an osteotomy guide with better design or an increased number of guides might be able to provide temporary stability and refine the operative steps. The predrilled locking screw holes also hindered the application of interfragmental compression. We believed that this experience would help us fine-tune planning in subsequent cases.
To summarize, the preoperative planning, intraoperative execution, postoperative rehabilitation, and recovery were smooth and the functional outcome was satisfactory.
